Introduction. Brain tumour resections are commonly guided using a navigation system based on preoperative MR data. In order to update the brain status which deforms during the surgery, 3D intraoperative ultrasound (3D-iUS) data are acquired. Tumour interpretation in the 3D-iUS data is however complex because of the image noise, artefacts and missing tumour parts. We propose therefore to enhance the visualization of the brain tumour in the 3D-iUS data using the navigation system. Methods. Our method is based on a tumour model generated by semi-automatic segmentation of the tumour in the preoperative MR data. The tumour model is pre-registered into the patient coordinate system using the transform matrix computed by the navigation system. The brain shift is then estimated using a rigid block matching algorithm between the pre-registered tumour model and the 3D-iUS data. The obtained fine-registered tumour model surface is finally described as a mesh and visualized in the navigation system overlapped on the 3D-iUS data. Results. This method was off-line tested on five patient data including 3D-iUS data and enhanced 3D-iUS data acquired with a contrast agent. In order to evaluate our method the Dice Similarity Index (DSI) was respectively computed between manual delineations of the tumours in the 3D-iUS data considered as references and the pre-registered and fineregistered tumour model. Results demonstrated that the DSI values increased after fine registration and in the enhanced 3D-iUS data. Conclusion. The advantage of using a tumour model combined to a rigid registration technique is to be robust to image artefacts and to be able to reconstitute the tumour information when it is missing in the 3D-iUS data. In order to better match the tumour model with the 3D-iUS data, the fine registered model will be used as initialization to a deformable segmentation method.
Introduction

Problem description
Tumour resection surgeries are nowadays guided using navigation systems based on preoperative MR data of the patient. Intraoperatively the preoperative MR volume is manually registered with the patient using anatomical landmarks. During the operation the surgeon can thus visualize the surgical instruments relatively to the MR data that supports him to optimize the way to reach the tumour to be removed. However, already right after the skull opening the brain tissue and therefore the tumour deform and the information provided by the navigation system is not accurate anymore [9] . To overcome this problem, data of the intraoperative brain status are acquired to update the navigation system. Intraoperative ultrasound (iUS) imaging is nowadays commonly used because of its low cost and its easy use. However, US data are known to be noisy, the presence of blood and other liquids during the operation reduce the image quality. Therefore the brain tumour appears with low contrast and its borders are badly defined. Moreover parts of the tumour can be hidden by image artefacts or can be out of the image field due to the complex intraoperative acquisition through the craniotomy. The navigation system enables to overlap the iUS data on the preoperative MR data in order to support their interpretation but most of the time without tools to represent them in the same visualization plane [10, 11] . We propose in this work to improve in the navigation system the visualization of the intraoperative brain tumour by enhancing it in the 3D intraoperative US data (3D-iUS data).
Tumour segmentation
Our task consists in finding the tumour borders in the 3D-iUS data and in visualizing them within the navigation system. However, because of the poor signal-to-noise ratio of the ultrasound images the extraction of the tumour is complex and fails without a priori information. We propose to base our segmentation method on a specific patient model of the tumour provided by the preoperative MR data. Preoperative MR data are routinely available one or two days before the planed surgery so that the tumour model generation can be preoperatively performed. Semi-automatic segmentation methods succeed moreover well in extracting the tumour due to the high quality of MR data to provide an accurate patient specific tumour model. Because of the brain deformation the tumour model does however not overlap the tumour in the 3D-iUS data after transformation in the same coordinate system. The registering of the a pri-ori tumour model with the 3D-iUS data is therefore needed.
Tumour registration
Many works for registering the iUS data with preoperative MR data have been already proposed in the literature. Registration methods are based on the volume intensities [5] , on anatomical landmarks (for example the cerebral blood vessels in [8] or the brain mid-line [2] ), or on biomechanical deformation models [3] . These techniques use rigid or non-rigid transformations. The first set of methods can lack of robustness due to the different intensity representations of anatomical structures in the MR and iUS data [1] . The second set of methods requires the intraoperative segmentation of landmark structures in the iUS data. This task requires manual intervention to be accurate enough that is not easy to perform in the operation room. The last set of methods is complex and requires extensive computing time [4] . In our application, the choice of a registration method has to fulfil some criteria. The method has to be robust to work on different kinds of tumour, also in the case of infiltrating tumours when the borders are not clearly defined in the iUS data. The method should be able to rebuild the possible missing tumour parts. The entire processing scheme should require minimum user intervention and no additional tasks in the operation workflow.
Methods
We describe in this section the entire process to visually enhance the tumour in the 3D-iUS data of patients during brain tumour resection surgeries and using a navigation system. Our method consists in rigidly registering a 3D patient specific model of the tumour with the 3D-iUS data using a block matching technique.
Tumour model
A patient specific model of the brain tumour is generated in extracting the tumour from the preoperative MR data acquired with a contrast agent and available almost one day before the operation. The segmentation is semiautomatically performed using the software ITK-SNAP [12] . The tumour model is not represented as a binary volume but includes the original gray intensities of the preoperative MR data.
Acquisition of the 3D-iUS data
The acquisition system of the 3D-iUS data includes a usual US device (AplioXG, Toshiba) with 2D free-hand US probes, an optical tracking system (Polaris, NDI) and a navigation system (SonoNavigator, Localite). The region of interest in the brain is scanned with the 2D-US transducer whose position is known using the tracking system. The set of acquired 2D-iUS images are sent in real-time through a DVI connection to the navigation system which compounds the images into a volume. The obtained iUS volume is visualized superposed on the preoperative MR data in the navigation system (Image 1). During tumour resection surgeries two 3D-iUS data of the tumour are acquired in this way after the craniotomy but before opening the dura mater: a B-mode volume and an enhanced iUS volume obtained after intravenous injection of an US contrast agent (SonoVue, Bracco). This second kind of acquisition enables highlighting the blood vessels and the vascularised structures while reducing the artefacts.
Pre-registration
The tumour model is pre-registered on the 3D-iUS data using the transform matrix provided by the navigation system. This transform matrix is computed based on the registration of the MR data with the patient (based on anatomical landmarks), on the calibration of the US probe and on the tracked position of the US probe during the acquisition by the tracking system. Because of inaccuracies in the navigation system and of the brain deformation which occurs even with still closed dura matter [6] , the pre-registered tumour model seldom overlaps the tumour in the 3D-iUS data.
Fine registration
A rigid block matching method available in the free software MedINRIA is therefore used to improve the preregistration [7] . The technique consists in cutting up the pre-registered tumour model and the 3D-iUS data in blocks and to match them. A rigid transform is estimated from the obtained point to point correspondence. A multiscale implementation enables accelerating the process. Moreover, in order to eliminate some image artefacts and speed up the process, the block matching algorithm is performed in both volumes on a region of interest including the model tumour plus three centimetres representing the maximum possible brain deformation range. Advantages of using a rigid transform are to be able to define the tumour borders when they are unclearly visible in the 3D-iUSA data and to be able to rebuild the missing tumour information due to image artefacts and to the complex intraoperative acquisition. In these difficult cases the well visible boundary segments, usually the tumour contours the closest to the US probe, and the possible necrotic parts within the tumour, which appear in dark intensities in the MR and 3D-iUS data, are used as corresponding information in the fine registration process.
Tumour enhancement
The fine registered tumour model is eventually represented as a mesh and included in the navigation system for visualization superimposed on the 3D-iUS data (Image 1).
Image 1
The navigation system with MR data, the intraoperative US volume and the fine-registered tumour model.
Results
Our scheme was intraoperatively tested during two brain tumour resection surgeries and showed a stable execution of the programs. The entire running time was a couple of minutes, mainly due to the use of the different softwares.
The robustness of the block matching registration method was off-line tested on data of five patients with different tumour kinds (four glioblastoma multiform tumours and one metastasis) and different sizes (10.8 ml until 59.6 ml). The data included the preoperative MR data and two 3D-iUS data acquired with and without contrast agent as previously described. The tumours in the iUS volumes were manually segmented and quantitatively compared to the pre-registered and fine-registered tumour models by computing the Dice similarity index (DSI) noted respectively DSIpre and DSIfine. -Non rigid deformations of the tumour in the operating room.
Conclusion
We showed in this work that the block matching registration method succeeds in accurately finding the brain tumours in the 3D-iUS data using a patient specific tumour model. The registered tumour model can be used to visually enhance in the navigation system the updated tumour position. The advantage of using a tumour model combined to a rigid registration technique is to be robust to image artefacts and to be able to rebuild the tumour information when it is missing in the 3D-iUS data. This is especially suitable for glioblastoma multiform tumours which are infiltrating tumours whose borders are badly defined in the 3D-iUS data. First tests with non-rigid transforms used with the block matching method were performed to improve the accuracy of the results. However, the presence of artefacts in the 3D-iUS data leads to an uncontrollable deformation of the tumour model. Future works will rather focus on the development of a deformable segmentation method using the fine-registered tumour model as initialization.
Image 2 3D iUS data with the pre-registered (yellow contours) and the fine-registered (red contours) tumour models.
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